The folding of natural proteins typically relies on hydrophobic packing, metal binding, or disulfide bond formation in the protein core. Alternatively, a 3D structure can be defined by incorporating a multivalent cross-linking agent, and this approach has been successfully developed for the selection of bicyclic peptides from large random-sequence libraries. By contrast, there is no general method for the de novo computational design of multicross-linked proteins with predictable and well-defined folds, including ones not found in nature. Here we use Rosetta and Tertiary Motifs (TERMs) to design small proteins that fold around multivalent cross-linkers. The hydrophobic cross-linkers stabilize the fold by macrocyclic restraints, and they also form an integral part of a small apolar core. The designed CovCore proteins were prepared by chemical synthesis, and their structures were determined by solution NMR or X-ray crystallography. These mesosized proteins, lying between conventional proteins and small peptides, are easily accessible either through biosynthetic precursors or chemical synthesis. The unique tertiary structures and ease of synthesis of CovCore proteins indicate that they should provide versatile templates for developing inhibitors of protein-protein interactions. However, designing such mesosize proteins to incorporate nonnatural structural motifs is an outstanding challenge. Previously, nonnatural cross-linking strategies have been used with combinatorial selection methods to discover cyclic peptides that block protein-protein interactions (1-6). The macrocyclic restraints combined with highthroughput library-screening and display techniques enabled developing such cross-linked peptides into effective protein inhibitors (1, 2, 7-9). However, these efforts focused on the use of crosslinkers to stabilize simple secondary structures such as α-helices (2, 3, 10, 11) or to discover bicyclic polypeptides without any predetermined 3D structures (1, 3). There have been no general computational strategies to design highly cross-linked proteins with predetermined tertiary structures that incorporate small molecule cross-links as an integral part of their cores. Such an endeavor would require new computational methods for placing cross-links during the process of computationally sampling backbone conformations and designing sequences and would require the expansion of existing protein energy functions to permit accurate modeling of the conformational flexibility of a small-molecule cross-link. We extended the use of Rosetta software suite (12) to permit such computational design and also developed complementary approaches using the Tertiary Motifs (TERMs) software package (13) to create well-structured mesoscaled proteins that incorporate the covalent cross-linker as an integral part of the folded core. Using these approaches, we designed multicyclic proteins that incorporate both side chain-side chain as well as backbone cyclization strategies, demonstrating the generality of the methods employed.
A dvances in chemical synthesis technologies have opened the possibility of creating small proteins with new chemical compositions and folds inaccessible to natural proteins. However, designing such mesosize proteins to incorporate nonnatural structural motifs is an outstanding challenge. Previously, nonnatural cross-linking strategies have been used with combinatorial selection methods to discover cyclic peptides that block protein-protein interactions (1) (2) (3) (4) (5) (6) . The macrocyclic restraints combined with highthroughput library-screening and display techniques enabled developing such cross-linked peptides into effective protein inhibitors (1, 2, (7) (8) (9) . However, these efforts focused on the use of crosslinkers to stabilize simple secondary structures such as α-helices (2, 3, 10, 11) or to discover bicyclic polypeptides without any predetermined 3D structures (1, 3) . There have been no general computational strategies to design highly cross-linked proteins with predetermined tertiary structures that incorporate small molecule cross-links as an integral part of their cores. Such an endeavor would require new computational methods for placing cross-links during the process of computationally sampling backbone conformations and designing sequences and would require the expansion of existing protein energy functions to permit accurate modeling of the conformational flexibility of a small-molecule cross-link. We extended the use of Rosetta software suite (12) to permit such computational design and also developed complementary approaches using the Tertiary Motifs (TERMs) software package (13) to create well-structured mesoscaled proteins that incorporate the covalent cross-linker as an integral part of the folded core. Using these approaches, we designed multicyclic proteins that incorporate both side chain-side chain as well as backbone cyclization strategies, demonstrating the generality of the methods employed.
The folding of natural proteins typically depends on the formation of a well-packed core dictating the relative orientations of pieces of secondary and supersecondary structure (14) (15) (16) . Small, disulfide-rich peptides, on the other hand, can derive much of their structural stability from covalent cross-links, which are sometimes augmented by a small hydrophobic core. However, disulfides are not always synthetically accessible, because correct cysteine pairing can be difficult to achieve. Furthermore, disulfides are reductively labile, presenting limitations for in vivo applications (17) . Thus, considerable effort has been expended to design alternate strategies to stabilize the folded conformations of proteins and related biomimetic polymers such as foldamers (18) . To stabilize simple secondary structures, covalent cross-links involving multifunctional small molecule linkers (19) have been used to considerable advantage (10, 11, (20) (21) (22) (23) (24) (shown in Fig. 1 ). Alternatively, to stabilize the cooperatively folded cores of proteins, Marsh and Tirrell have pioneered the use of fluorinated side chains (25, 26) . The template assembled synthetic proteins (TASP) method has also been widely explored to facilitate the predictable assembly of helical bundles; hemes (27) , porphyrins (28) , cyclotribenzylene (29) , metal chelating groups such as bipyridyl derivatives (30) , and small cyclic peptides (31) have been used as templates for this class of proteins (31) . However, in TASP proteins, the template serves as an appendage rather than being an integral part of the folding core. Metal-binding sites have also been inserted into the core of proteins (32) (33) (34) (35) , although metal ligand exchange reactions and endogenous metal chelators might limit their applicability in vivo.
The fully covalent cross-linking method described by Winter and coworkers (1, 3) , which utilizes bifunctional and trifunctional
Significance
The incorporation of a small organic molecule into a protein core opens the door to create previously inaccessible three-dimensional structures. When combined with modern computational methods, we show that CovCore proteins can be designed with predictable folds. The small organic molecule is incorporated as an intrinsic part of the protein core, forming both covalent and noncovalent interactions, which help define the unique tertiary structures. The design methodology and experimental strategies are compatible with combinatorial library screening methods and hence hold promise for a variety of applications including inhibitors of protein-protein interactions. benzylic cross-linkers, has already shown impressive applications for the selection of small peptide inhibitors of protein-protein interactions when combined with combinatorial phage display methods. However, the ability to design somewhat larger proteins with predictable tertiary structures incorporating these covalently linked cores (CovCore) has not been achieved. As initial targets, we designed roughly C2-and C3-symmetric protein folds, stabilized by bivalent or trivalent linkers (xylyl and mesityl, respectively). The cross-link is formed via thioether formation between the appropriate benzylic bromide and Cys thiolates of the protein, allowing use of either chemically synthesized or biosynthetically derived precursors, compatible with a variety of screening methods and either chemically or biosynthetically produced libraries. We also explored the incorporation of backbone cyclization, which could add additional conformational restriction and stability as needed.
The structures of the designed proteins were determined by NMR and X-ray crystallography and were, in most cases, in good agreement with design. The overall folds of the proteins were well defined in each case, and they conform well to the design. Some variability in the fine-tuned details was observed in one case. In fact, some flexibility and conformational variability might be desirable for future applications in which these CovCore proteins are used as templates for computational or experimental selection of variants that bind a given target.
Results and Discussion
Design and Characterization of Cyclic Antiparallel Helical Hairpins.
Given the frequent occurrence of helical hairpins in protein tertiary structures, we initially explored the design of a helix-turnhelix motif, stabilized by backbone cyclization as well as side chain cross-linking. Arora and coworkers (36, 37) reported the design of similar helical hairpin motifs using an unnatural cross-linker in combination with disulfides previously. The helix-loop-helix motif from the Rop protein (38) (PDB ID 4DO2) was used as the starting template and was symmetrized to define the main chain of a backbone-cyclized helical hairpin (2H-2) as described in Fig. 2 and SI Appendix. This protein was further constrained through small molecule-mediated side chain-side chain cross-linking via thioether bonds, yielding a bicyclic structure (2H) (Fig. 3) .
The sequence design of 2H-2 was guided by TERMs-based structural database mining (13) , which guides selection of residues that stabilize both the main chain conformation as well as the interhelical packing (39, 40) . The final design (2H-2) has an alanine coil conformation (41) with alanine residues packing tightly between the two helices ( Fig. 3C, Left) . Additionally, C-cap glycine and N-cap serine residues ensure helix stabilization by capping interactions. An interhelical xylyl cross-link was introduced between Cys residues at positions conductive to forming the cross-link in low-energy rotamers (2H).
The effects of backbone and side chain cyclization on the conformational stability of the peptide were evaluated by circular dichroism (CD) spectroscopy (Fig. 3B) . The linear peptide (2H-1) displayed very little helical content before introduction of the xylyl thioether cross-linker. However, the introduction of the xylyl cross-linker in 2H-3 led to a significant increase in helical content as assessed from the double minimum at 222 and 208 nm in the CD spectrum and a cooperative unfolding transition (SI Appendix, Fig. S5 ). The bicyclic peptide (2H) had a CD spectrum very similar to the side chain cross-linked peptide (2H-3), indicating that the additional backbone cyclic restraint was structurally well accommodated, although it was not required to achieve a helical conformation. However, the converse was not true, because the backbone cyclized peptide (2H-2) showed low helicity in the absence of the xylyl cross-link. Thus, in future applications, variants of the side chain cross-linked peptide can be used to discover binders, and the resulting monocyclic peptides could be further stabilized toward proteolytic degradation through the introduction of an additional main chain cyclic restraint.
The solution NMR structure of 2H is in excellent agreement with the designed model (Fig. 3D) . The backbone heavy atom root-mean-square deviation (RMSD) of 20 lowest-energy structures (Fig. 3D ) is 0.3 ± 0.1 Å for 2H. The overlay of the designed model (green) and the lowest-energy NMR structure is almost within the precision of the experimentally determined structural ensemble, with a C α RMSD of 0.6 Å (Fig. 3D) . Finally, the hydrogen-bonded capping interactions of the serine and glycine residues of 2H (SI Appendix, Table S3 ) at the helical ends were precisely as specified in the design (Fig. 3E) .
To explore further the role of the xylyl linker in 2H, we synthesized a variant in which the two Cys residues used in the cross-linking reaction were replaced with a pair of hydrophobic Leu residues that could form a favorable interfacial packing between the two helices. This side chain substitution was evaluated in both the linear as well as the main chain-cyclized form of the peptide. The linear peptide, 2H-4, showed little helical content, although helicity was restored in main chain cyclized peptide, 2H-5. The NMR structure of 2H-5, also Fig. 1 . Different strategies to covalently constrain peptides/proteins. CovCore focuses on protein covalently cross-linked core to achieve unique tertiary structures; shown is a CovCore molecule stabilized by a trivalent cross-linker. Fig. 2 . Design procedure of a helical hairpin (2H-2) backbone. Crystal structure of the Rop protein (PDB ID 4DO2) was extracted and duplicated, and the two duplicates were merged at the terminal helices (i.e., the blue helix was merged with the red helix to produce the purple helix) to generate 2H2-2 backbone template.
determined by solution NMR, was found to conform well to the guiding structure (RMSD = 1.2 Å; SI Appendix, Fig. S7) .
Together, these studies show that a side chain cross-link can serve as a powerful restraint to stabilize the fold of a relatively short helical hairpin, smaller than those seen in isolation in natural proteins. Thus, xylyl and related side chain cross-linking strategies might be used to stabilize minimal versions natural proteins. We next focused on the design of a more highly cross-linked protein with an entirely novel fold stabilized by a trivalent cross-linker, which forms an integral part of the hydrophobic core.
The Design of Tricyclic CovCore Protein 3H1. We used the Rosetta software suite (12) to design a three-helix structure not previously seen in nature. In the designed protein 3H1, a 1,3,5-trimethyl benzene group forms three thioether bonds, which nucleates a small hydrophobic core near the center of the structure (Fig. 4) . We first made use of parametric backbone generation strategies to create various helical conformations of a monomer, which were symmetry-replicated to create C 3 -symmetrical trimers. The orientation of the helices within the trimeric structure was varied by sampling different orientations of the monomer relative to the threefold symmetry axis, using the Rosetta symmetry machinery to impose C 3 symmetry on the system. Rosetta's generalized kinematic closure module was next used to sample loop conformations connecting the helices (42) . For each loop conformation sampled, we employed Rosetta symmetric sequence design tools to design a sequence for the helices and loops, making use of the LayerDesign tool to enforce a hydrophobic core and polar surface (43) . We chose the most promising candidates by Rosetta energy and by visual inspection. Final sequences were validated by Rosetta ab initio structure prediction. Although we used symmetry to simplify the initial designs, fully asymmetric structures can easily be generated using a simple modification of the search procedure. Full details of the design protocol and design scripts are included in SI Appendix. 3H1 was prepared using three segments one-pot native chemical ligation methods as described in SI Appendix (44-47).
Biophysical Characterization of Tricyclic CovCore Protein 3H1. To differentiate between the importance of the backbone versus side chain cyclic restraints, we characterized the structures and stability of the linear precursor (3H1-1), the backbone cyclized precursor (3H1-2), the asymmetric side chain cross-linked bicyclic peptide (3H1-3), and the fully symmetrical backbone and Blue points represent relaxation of the designed model, and orange points are from independent conformation sampling trajectories using Rosetta's ab initio structure prediction module.
side chain cross-linked tricyclic peptide (3H1). CD spectroscopy showed that the linear precursor (3H1-1) and backbone cyclized precursor (3H1-2) had very low helical content (Fig. 5B ). By contrast, the side chain cross-linked bicyclic and tricyclic CovCore protein were highly helical, indicating that the backbone cyclization is not required for structure formation, an important consideration for methods such as phage display where head-to-tail main chain cyclization cannot be easily achieved. Thermal unfolding curves of 3H1 show only a small linear change in the folded baseline, indicating that the protein remains folded up to 95°C (SI Appendix).
The solution NMR structure of 3H1 is in reasonable agreement with its designed structure. Only 20 unique assignable amino acid residues were observed, indicating 3H1 is indeed threefold symmetric as in the design. The most significant difference between the observed and designed structures (RMSD = 2.9 Å) is that the α-helices are straighter in the NMR solution structure. The straightening of the helices leads to a slight expansion of its triangular shape and somewhat looser packing of the apolar side chains around the covalent cross-linker. Overall, however, the experimentally determined topology matches the designed topology. Significantly, because 3H1 has a very small hydrophobic core responsible for stabilizing its structure (consisting of one Cys and two hydrophobic residues per helix, shown in gray in Fig. 4B ) the great majority of the sequence can be varied for molecular recognition of targets.
The Design of Tricyclic CovCore Protein 3H2. We next performed the redesign of 3H1 to increase its structure stability and also to reduce its hydrophilicity (to facilitate crystallization). We first used Rosetta and a loop-searching algorithm to search the best loops for bridging the adjacent helices. We searched the PDB for close structural matches (<1 Å) for the four terminal and four initial residues of each helix (e.g., 16 
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19 and 23 PEAE 26 in 3H1) and found that the most common loop sequence, excluding those with proline, was -NGD-followed by -GGD-. We then used Rosetta's fixed backbone side chain design application (48) to redesign the sequence for more compact hydrophobic core packing as well as to reduce the hydrophilicity of 3H1. At solvent-exposed positions, we selected amino acids to reduce the protein's charge and surface-exposed side chain entropy. At hydrophobic core positions, we allowed Rosetta to sample apolar amino acids. The final redesigned sequence (3H2) is shown in Fig. 6 . Due to the expected difficulties of -Asn-Gly-aspartimide formation during synthesis, -GGD-was chosen as the final loop sequence instead of -NGD-(detailed sequence redesign is described in SI Appendix).
Biophysical Characterization of the Tricyclic CovCore Protein 3H2.
Both linear precursor (3H2-1) and backbone cyclized precursor (3H2-2) were predominantly α-helical based on CD spectra ( Fig. 7B) with thermal melting temperature of 55.8°C for linear precursor (3H2-1) and 64.9°C for cyclized precursor (3H2-2) (SI Appendix, Fig. S5 ). After cross-linking with a mesityl group, the mean residue ellipticity at both 208 and 222 nm increased considerably irrespective of the main chain backbone cyclization (Fig. 7B) . Furthermore, 3H2 remained essentially fully folded up to 95°C, indicating that the covalent core indeed improved the stability of 3H2 dramatically. Such high thermal stability is very frequently observed in de novo designed helical proteins (49) (50) (51) . 3H2 thermal melting also displays high thermal stability; the mean residue ellipticity of 3H2 is higher than that of 3H1 at all temperatures tested (SI Appendix, Fig. S5 ), demonstrating that the thermal stability of 3H2 is indeed enhanced from 3H1.
The crystallographic structure of 3H2 at 1.20 Å resolution was solved through direct methods using Arcimboldo (52) to a crystallographic R-factor of 0.144 (R-free 0.178) in CCP4 (53) . The 3H2 X-ray structure showed interesting deviations from the symmetrical, designed model. There are six 3H2 protein molecules in the asymmetric unit, with four (chains A-D) molecules adopting one conformation and the other two molecules (chains E and F) adopting a different conformation. In each conformer, the three helices differ in length. The flexibility to adopt multiple asymmetric sequences appears to be in part due to the inclusion of a highly flexible diglycine linker. The topology of conformation 1 is opposite to that of conformation 2. When viewed from the bottom of the bundle, the three helices (H1-H3) are arranged in a counterclockwise direction in conformation 1, whereas they are arranged in a clockwise direction in conformation 2 as shown in Fig. 8A .
To adopt these two different topologies, the molecule must accommodate several critical structural changes. Although helix 2 essentially remains constant, with its cysteine side chain pointing in the same orientation, helix 1 rolls about its axis by 125°from one conformation to the other (Fig. 8B) , so that its cysteine side chain is pointing in nearly the opposite direction. Helix 1 also shifts its crossing angle relative to helix 2 by 18.3°.
Another interesting aspect of this molecule is the fact that these two different conformations of 3H2 are retropeptides to one other. That is, conformation 1 and conformation 2 can nearly be superimposed if they are overlaid in reverse directions (shown in Fig. 9A ). One possible explanation for this observation is the binary pattern of hydrophobic and polar residues in the sequence of 3H2 is largely invariant, irrespective of whether the sequence is read in the N-to-C or C-to-N direction (after aligning on the central cross-linking cysteine) (Fig. 9B) .
To confirm that this asymmetric structure is not due to crystal packing alone, we performed NMR experiments to determine the solution behavior of 3H2. 3H2 has three isoleucine residues in its sequence, which would be in identical chemical environments in a C3-symmetric structure. From the natural abundance 13 C-HSQC spectrum (SI Appendix, Fig. S8 ), we can clearly see three different isoleucine C δ1 -H δ1 peaks, confirming that these three isoleucine residues are indeed in different chemical environments and that the 3H2 structure also lacks threefold symmetry in solution. The fact that we only observed three isoleucine peaks from NMR measurement suggests there is only one conformation present in solution structure. From the crystal structure, we found that four residues in conformation 2 (chain E) adopted left-handed helix φ and ψ angles: Arg10 (59.4°36.6°), Asp23 (66.2°, 21.7°), Asn39 (47.1°, 36.0°), and Asn59 (39.4°, 53.7°). This observation suggests that conformation 2 is in a high-energy state, which might convert to conformation 1 in solution. However, due to the sequence degeneracy, we were unable to determine the solution NMR structure of 3H2.
The fact that 3H2 has this asymmetric structure presents a practical advantage because structures of this type are not easily accessible in conventional proteins. In fact, this asymmetric scaffold serendipitously opens new doors in terms of inhibiting protein-protein interactions by providing several unique surfaces that would not have been present in a symmetric structure. Thus, depending on the shapes of different protein targets, PPI inhibitor designers can choose different surfaces from the asymmetric scaffold to design to complement targeted proteins, leading to better chances of generating specific inhibitors.
Conclusions
The design of novel proteins often relies on hydrophobic core packing, metal binding, or disulfides to achieve tertiary structures. By comparison, computational design of proteins with covalently bonded molecules has been more challenging. In this work, we employed computational design approaches to create nonnatural CovCore protein scaffolds that have not been accessible previously. Chemical protein synthesis was used to prepare and validate the structures of the designed molecules efficiently. The inclusion of xylyl and mesityl cross-linkers, both to provide covalent constraints and to form a hydrophobic core, permits these molecules to adopt distinctive tertiary structures that are not easily accessible to conventional proteins. Also, these cross-links are fully compatible with display technologies for high-throughput screening. The predetermined overall folds of these CovCore proteins should allow integration of computational design capability for the redesign of these molecules to inhibit proteinprotein interactions. 
Materials and Methods
All materials used in the experiments were obtained through commercial sources that are described in the SI Appendix in detail. Detailed protein design procedures are also described in SI Appendix. All proteins designed were prepared using chemical synthesis.
